INTRODUCTION
The widespread use of squirrel-cage induction motor is ubiquitous for the coal mining industry. This range of electric machines demonstrates the exceptional reliability, the high overload capability and the ease of operation for many years.
However, this motor has a deficient start-up dynamic performance. High multiplicities and electromagnetic torque ripples in this mode have a negative impact on the state of the electric motor itself as well as its mechanical system.
There are ways to describe, for example [1, 2, 3] , and eliminate the negative processes that accompany the squirrelcage induction motor start-up process, for example [4] [5] [6] [7] [8] .
The main known methods of improving the dynamic state of the induction motor by reducing the starting voltage magnitude supplied to the motor [9 ÷ 15] :
 the stator winding reconnection from star to delta (stardelta);
 the use of autotransformers (autotransformer);
 the connection of additional resistances to the stator circuit of the induction motor (Primary Resistor);
 the use of rectifier-based soft-starter techniques (SoftStarter Techniques). It should be noted that these methods of forming the starting characteristics of the induction motor are intuitive, for asynchronous motor control algorithms implemented by them are simple and use, as a rule, the rotor speed or the current value of the stator current to assess its condition. The assessment of current (instantaneous) values of electromagnetic state parameters (flux linkages) of induction motor is not performed. Some of them have conditionally complex induction motor control systems and are not always acceptable in terms of mining production.
So the development of methods for the induction motor start-up mode control possessing both the required efficiency to ensure the control quality (elimination of the start-up
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In this context, the task of the research is the development of analytical structures of the induction motor start-up mode control system based on the assessment of its current electromagnetic state while selecting either supply voltage amplitude (for star-delta, autotransformer and soft-starter techniques options) or additional stator circuit resistance value (primary resistor option) as the control actions. The basis for the solution search may be, for example, the maximum principle of L.S. Pontryagin, sufficient conditions for the absolute minimum of V.F. Krotov [16, 17] .
II. MATERIALS AND METHODS
Let's consider the problem of the optimal control of the induction motor start-up using a maximum principle of L.S. Pontryagin. The purpose of the control is to provide the proximity of induction motor electromagnetic torque and moment determined by its static mechanical characteristics given by, for example, the revised formula of Kloss. Control action is the induction motor supply voltage amplitude (stardelta, autotransformer, soft-starter techniques). Let's indicate this control option as Control_U.
Analytically the control objective is written in the form of functional
, where M n , M is the necessary and the current electromagnetic torque value of the induction motor.
The equations of the induction motor motion is defined by [1.2] : here the parameters that begin with R and the indices s, r are the induction motor stator and rotor winding resistance; L′ s , L ′ r are the transient inductance of the stator and the rotor; k r , k s -are the electromagnetic coupling coefficients; p -is the number of pole pairs,  n -is the electrical stator field rotation rate;  -is the geometric angular rotor rotation rate;  s  r , with the indices u, v -are components of the stator and the rotor flux linkages for each axis of the synchronous coordinate system; U s -with the coordinate system indices -are the components of the stator and the rotor voltage (control actions); J -moment of inertia; f [6] ÷f [10] -are the right hand side of the motion equations.
H function of the maximum principle and the system for determining the auxiliary variables Ψ i (included in H) can be written as:
It should be noted that the solution of the optimal control problem is made not in the classical form, when the analytical design of the synthesis function is sought, but by direct numerical solution of the set of differential induction motor movement equations (1), the system of differential equations for the definition of the auxiliary variables Ψ i and use the properties of the auxiliary function (Н≡0) in optimum conditions. The algorithm for generating the stator winding voltages (Control_U) is simple ( Figure 2 ). The result of the introduction of such a voltage control is Figure 3 .
Let us consider in detail one more opportunity to actively influence on the induction motor start-up process. Namely, by the change of the total stator circuit resistance value i.e. Primary Resistor option. Let's indicate this control option as Control_R.
The induction motor state will be also described by the system of differential constraints (1), defining the nature of the change of phase coordinates with allocation and the definition of the control action -R s .
The solution can be obtained on the basis of sufficient conditions for the absolute minimum [17] . This requires the formation of an auxiliary function:
 
-is an arbitrary function of the phase coordinates and the time.
For the moving boundary problems, which include the considered problem, the absolute extremum condition can be written as:
where А -the tolerance region of the equations R s .
Since the optimal control problem is considered to be solved mathematically, if the control is found in functional form of the object (induction motor) state parameters, we 
III. RESULTS
The solution for the Control_U start-up control mode can be represented (as an option) in graphical form (Figure 2) , which is easy to implement analytically. The solution is the voltage pre-supply in the form of the 0.0033 seconds pulse on-time (at a supply voltage frequency of 50 Hz), the subsequent transition to the magnetic braking mode for the same time and the subsequent voltage re-supply [18] . The result of this start-up control mode is Figure 3 .
The implementation of the start-up control mode by connecting the additional resistances to the stator circuit (Control_R) and its change according to (3) when Mn is given by the revised formula of Kloss [19] is in Figures 4, 5 .
Thus, the analytical structure (3) is the required end result, which determines the practical elimination of electromagnetic torque ripples (Figure 1 ) of the induction motor start-up at the expense of the short-term (in the example ≈ 0.025 seconds) introduction of additional stator circuit resistance multiple of ≈ 6 of the nominal values in stator circuit (Control_R). IV. DISCUSSION Figure 1 shows the most unfavorable (the most common) direct on-line (DOL) start-up of the squirrel-cage induction motor. The start-up is carried out by a so-called no-load mode when the rotor resistance torque is almost minimal. However, despite the minimum load, and as a consequence a rapid acceleration of the rotor to the rated speed, there is the undesirable impact on the mechanical elements of the mining machine due to the shocks in the transmission. The sudden changes in the electromagnetic torque (5-7-fold of the rated with the opportunity of partial operation in generator mode), carried out in a loop with very high, for the mechanical processes, frequency lead to the very rapid reduction of the mining machinery life.
Even more undesired mode occurs when the start-up of squirrel-cage induction motor takes place in a technological emergency situation, for example, starting the drag conveyer with the filled flight.
The introduction of the start-up mode control eliminates the electromagnetic torque ripple. Naturally, the nature of the change in the supply voltage amplitude in Control_U version is due to the limitations of the control action value (the supply voltage amplitude), which was defined as U max ≥U≥0 ( Figure  2) . In a more general case it is possible to extend the range of the voltage amplitude and write it in the form of U max ≥U≥U min . Naturally in this case that U min can take the negative values, which correspond to the induction motor operation in opposite connection mode.
When using Control_R operating option, the attention should be paid to the possibility of replacing the continuous function (3) with its discrete approximation (Rs-Discret in Figure 4 ). Wherein the control quality is practically not changed ( Figure 5 ), but the practical implementation is significantly simplified.
In addition, the practical realization of the start-up devices (for controlling the voltage amplitude or the stator circuit resistance value) gives the opportunity to the sensorless applications (sensorless), which greatly simplifies the physical structure of the induction motor starters.
V. CONCLUSIONS
The existing methods for the induction motor start-up only partly solve the problem of dynamic shocks acting on the mining machine during its start-up.
The construction of minimal complexity systems of induction motor start-up mode control (Control_U, Control_R), allowing starting the induction motor with the given transition process quality in order to reduce the dynamic loads to the drive.
The dynamic component of the electromagnetic torque is practically absent when the following options are used:
 Control_U -direct on-line (DOL) start-up for the duration of 0.0033 s.; with subsequent transition to the magnetic braking mode for the same time and the subsequent direct on-line (DOL) re-starting;
 Control_R -connection of the additional resistances in series to the primary winding of the motor. The resistance value (the behavior) can be determined according to (3) , as well as to be given in a discrete manner.
In the above considered control options the induction motor start-up takes place practically according to its static performance.
